Gonzalez DR, Treuer AV, Lamirault G, Mayo V, Cao Y, Dulce RA, Hare JM. NADPH oxidase-2 inhibition restores contractility and intracellular calcium handling and reduces arrhythmogenicity in dystrophic cardiomyopathy. Am J Physiol Heart Circ Physiol 307: H710-H721, 2014. First published July 11, 2014; doi:10.1152/ajpheart.00890.2013.-Duchenne muscular dystrophy may affect cardiac muscle, producing a dystrophic cardiomyopathy in humans and the mdx mouse. We tested the hypothesis that oxidative stress participates in disrupting calcium handling and contractility in the mdx mouse with established cardiomyopathy. We found increased expression (fivefold) of the NADPH oxidase (NOX) 2 in the mdx hearts compared with wild type, along with increased superoxide production. Next, we tested the impact of NOX2 inhibition on contractility and calcium handling in isolated cardiomyocytes. Contractility was decreased in mdx myocytes compared with wild type, and this was restored toward normal by pretreating with apocynin. In addition, the amplitude of evoked intracellular Ca 2ϩ concentration transients that was diminished in mdx myocytes was also restored with NOX2 inhibition. Total sarcoplasmic reticulum (SR) Ca 2ϩ content was reduced in mdx hearts and normalized by apocynin treatment. Additionally, NOX2 inhibition decreased the production of spontaneous diastolic calcium release events and decreased the SR calcium leak in mdx myocytes. In addition, nitric oxide (NO) synthase 1 (NOS-1) expression was increased eightfold in mdx hearts compared with wild type. Nevertheless, cardiac NO production was reduced. To test whether this paradox implied NOS-1 uncoupling, we treated cardiac myocytes with exogenous tetrahydrobioterin, along with the NOX inhibitor VAS2870. These agents restored NO production and phospholamban phosphorylation in mdx toward normal. Together, these results demonstrate that, in mdx hearts, NOX2 inhibition improves the SR calcium handling and contractility, partially by recoupling NOS-1. These findings reveal a new layer of nitroso-redox imbalance in dystrophic cardiomyopathy.
40 yr, Ͼ90% of BMD patients display some signs of heart disease. In addition to male patients, female carriers are also at high risk (25) . Nearly one-half of them have electrocardiographic abnormalities. Paradoxically, recent clinical and experimental data show that effective skeletal muscle restricted therapies for DMD actually increase cardiomyopathy and heart failure in these patients (49, 50) .
Among several pathophysiological features, intracellular calcium handling is abnormal in the cardiomyocytes of the mdx mouse, a model of DMD (11, 24, 53) , as well as contractility (36) . In addition, the increased production of reactive oxygen species (ROS) in these animals plays a role in the dysfunction of the cardiac myocytes Ca 2ϩ handling and mechanics (54) .
Nicotinamide adenosine dinucleotide phosphate oxidase [NADPH oxidase (NOX) ] is an important source of ROS in the cardiovascular system (14) . The prototypic NOX is composed of a membrane-bound heterodimer consisting of a catalytic NOX2 (gp91 phox ) subunit and a p22 phox subunit and several cytosolic regulatory subunits: p47 phox , p67 phox , p40, and Rac (5, 31). NOX2 has been suggested to be involved in the cardiac contractile dysfunction observed after a myocardial infarction (28) and pressure overload (17) , two important pathophysiological insults that lead to heart failure. Therefore, a reduction in NOX2-derived superoxide may reverse some of the features of the adverse phenotype presented by the dystrophic cardiomyopathy. Here we tested the hypothesis that inhibition of NOX2 restores the contractile dysfunction observed in dystrophic cardiomyopathy.
MATERIALS AND METHODS

Animals. MDX (C57BL/10ScSn-DMD
mdx /J, stock no. 001801M, n ϭ 45) and background controls mice (C57BL/10SnJ, n ϭ 55) were purchased from Jackson Laboratories (Bar Harbor, MA). At 19 mo, mdx mice showed reduced ventricular function. Accordingly, we used animals of this age. Animals were housed in individual cages, with water and food ad libitum. All of the procedures conformed to the National Institutes of Health "Guide for the Care and Use of Laboratory Animals" (1996) and were approved by the Institutional Animal Care and Use Committee of the Miller School of Medicine of the University of Miami and Universidad de Talca.
Echocardiographic analysis. Mice were anesthetized with isoflurane (Webster Veterinary, Sterling, MA) vaporized to 4% in pure oxygen, positioned supine in a holder, and maintained at 2% isoflurane at 1.5 l/min oxygen flow. Echocardiography was carried out using Visualsonic Vevo 770 3.0.0 equipment (Toronto, Canada) with a linear transducer (frequency of 17.5 MHz and focal length of 17.5 mm). Anterior and posterior wall thickness and diastolic and systolic left ventricular (LV) dimensions were recorded from M-mode images using averaged measurements from three to five consecutive cardiac cycles. Long-axis imaging was obtained using B-mode echocardiog-raphy and putting the probe on the anterior chest wall following the angle of the normal heart axis. Short axis was obtained with the probe in the perpendicular position used for long axis. Short axis was changed from B mode to M mode when papillary muscles were clearly seen. Images were analyzed using Vevo 770 3.0.0 software. Measurements were performed at least three times in each mouse, and the average of measurements was used. Systolic function was evaluated using B mode in the long axis to estimate the ejection fraction and using M mode in the short axis to estimate the fractional shortening (FS). FS was calculated from the end-diastolic (EDD) and end-systolic (ESD) diameters using: FS ϭ 100% ϫ (EDD Ϫ ESD)/ EDD.
Measurement of sarcomere length and [Ca 2ϩ ]i. Adult mouse myocytes were isolated as previously described (15) . The myocytes were incubated 15 min with 1 M fura 2-AM (Invitrogen). After loading, the myocytes were transferred to a Lucite chamber on the stage of an inverted microscope (NIKON TE 200) and superfused with Tyrode containing 1.8 mM Ca 2ϩ . Myocytes were field-stimulated, and sarcomere length was monitored in real time using an IonOptix iCCD camera and specialized data-acquisition software (IonWizard SarcLen Acquisition System, IonOptix). Twitch amplitude was computed as the difference between diastolic and peak systolic sarcomere lengths. Percentage of sarcomere shortening was expressed as the ratio of absolute twitch amplitude to diastolic sarcomere length. Changes in the average sarcomere length were determined by fast Fourier transform of the Z-line density trace to the frequency domain using the acquisition software noted above. Intracellular Ca 2ϩ concentration [Ca 2ϩ ]i was determined by alternately exciting with a xenon lamp at wavelengths of 360 and 380 nm (IonOptix). The emission fluorescence was reflected through a barrier filter (510 Ϯ 15 nm) to a photomultiplier tube. The ratio of the photon live count at 360 nm (isosbestic point) compared with 380 nm represents the fura 2 fluorescence ratio.
Measurement of diastolic sarcoplasmic reticulum Ca 2ϩ leak. Sarcoplasmic reticulum (SR) calcium leak is measured using the method initially described by Shannon and colleagues (42) . To gain maximal accuracy in the Ca 2ϩ measurements, fura 2-loaded cardiac myocytes were excited continuously at 340/380 nm. The cells were field stimulated at 4 Hz, at 37°C. Stimulation was then switched off, and the external solution was quickly changed to a 0 Ca 2ϩ and 0 Na (15, 16, 42) . Detection of ROS. After perfusion with either vehicle or apocynin (100 M, 45 min) in Krebs-Henseleit buffer, unfixed hearts were frozen in O.C.T. (Tissue-Tek). Transverse sections (20 m thick) were cut in a cryostat and placed on glass slides. Samples were then incubated at room temperature for 30 min with dihydroethidium (3 M, Molecular Probes). After washing with PBS, sections were fixed with 2% paraformaldehyde for 5 min at 4°C. Finally, the samples were mounted in Prolong Gold anti-fade (Invitrogen). Images were obtained using a Zeiss LSM-700 confocal microscope. The images were deconvolved, using Huygens Essential software (Scientific Volume Imaging, Hilversum, The Netherlands).
In isolated cells, ROS were detected using 2=,7=-dichlorofluorescein diacetate (DCF). Cells were incubated with DCF-AM (Molecular Probes) 5 M for 15 min, then washed, and incubated with either vehicle (DMSO), apocynin (100 M), or the specific NOX inhibitor NOX-dependent superoxide production. NOX-dependent superoxide production was measured in heart homogenates using lucigenin (5 M)-enhanced chemiluminescence (␤-NADPH, 300 M; room temperature) on a microplate luminometer (Spectramax M5, Molecular Devices). Chemiluminescence readings were expressed as integrated light units, as previously described (10) .
Real-time PCR. For quantitative polymerase chain reaction (qPCR), total RNA was extracted from mice hearts using Pure-Link Micro-to-Midi Total RNA Purification System (Qiagen, Hilden, Germany) and reverse-transcribed using high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA). qPCR was performed in triplicate using 20-l reaction mixture containing 10 ng cDNA, TaqMan Universal PCR Master Mix (Roche, Basel, Switzerland), and primers/probes sets for specific genes (TaqMan Gene Expression Assays, Applied Biosystems). As an internal control, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was determined in each reaction. The primers sequences used for NOX1, 2, 3, and 4 and GAPDH correspond to those described by Hill et al. (21) . Reactions conditions were performed according to the manufacturer: one cycle of 50°C for 2 min, one cycle of 90°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. Software from iQ5 multicolor real-time PCR detection system (Bio-Rad, Hercules, CA) was used for PCR analyses. Relative fold change was calculated by 2 ⌬Ct method and compared with baseline values (set at 1). S-nitrosylation. After treating wild-type and mdx myocytes with Tyrode buffer alone or with tetrahydrobioterin (BH 4) (300 M) for 30 min, the cells were fixed in 2% paraformaldehyde, permeabilized, and incubated with a rabbit polyclonal anti-S-nitrosocysteine antibody (Sigma) overnight at 4°C. Fluorescence-conjugated secondary antibody incubation was performed at 37°C for 1 h with anti-rabbit FITC (Jackson ImmunoResearch). As control of the technique, the myocytes were treated with HgCl 2 (0.02%), a compound that breaks-down S-nitrosylation bonds, using an irrelevant (IgG) as primary antibody and secondary antibody alone, as previously described (16) .
Nitrate determination. Nitrate (NO 3 Ϫ ) plus nitrite (NO 2 Ϫ ) concentrations in mouse cardiac homogenates were determined using the Griess reaction. Briefly, cardiac homogenates were filtered using Amicon Ultra 3K, PR03711 (Merck Millipore, Ireland) filters. The ultrafiltrate was analyzed using Griess reagents from Cayman Chemical (Ann Arbor, MI). After the reaction took place, absorbance was measured at 540 nm, as previously described (38) .
[NO] i measurements. Direct measurements of nitric oxide (NO) production in cardiac myocytes were performed on ventricular myo- Western blotting. Cardiac tissue homogenates were prepared as previously described and resolved in NuPAGE Novex gels (Invitrogen) and transferred to PVDF membranes. Membranes were incubated with antibodies against NOX2 (gp91 phox ) and p67 phox (BD Biosciences), NOX3, p22 phox (Santa Cruz Biotechnology, Santa Cruz, CA), NOX4 (Thermo Scientific, Rockford, IL), p47 phox (Upstate, Lake Placid, NY), and GAPDH (Fitzgerald, Concord, MA), phospholamban (PLB), and phosphorylated PLB (Badrilla, UK).
Statistical analysis. Data are expressed as means Ϯ SE. For comparisons of two groups, Student's t-test was used. For comparison of three or more groups, one-or two-way-ANOVA was performed with Newman-Keuls as post hoc test. A P value of Ͻ 0.05 was considered significant.
RESULTS
LV size and function. We assessed in vivo cardiac function using echocardiography (Table 1 ). At 19 mo of age, mdx mice showed decreased ejection fraction (56.7 Ϯ 0.5%) and FS (40 Ϯ 0.7%) compared with wild-type mice (70.8 Ϯ 2.4 and 51.8 Ϯ 2.1%, respectively, P ϭ 0.0014 and 0.0017, respectively). These values are in agreement with previous descriptions for mdx mice of this age (33, 56) . Consequently, we used the animals of this age for the study.
Baseline characteristics of isolated myocytes. Next, we studied the contractile properties of isolated myocytes to confirm the observations obtained using echocardiography. The baseline features of wild-type and mdx myocytes are shown in Table 2 . The degree of sarcomere shortening of mdx myocytes stimulated at 0.5 Hz was significantly lower than wild-type myocytes. Similarly, the amplitude of calcium transients at baseline was also decreased in mdx cardiomyocytes, as well as the parameters of Ca 2ϩ removal, T 50 (time to decay to the 50%), and the time constant () of Ca 2ϩ decay. These data are Fig. 1 . NADPH oxidase (NOX) isoforms and associated subunits expression. A: Western blot analysis of the isoforms of NOX and NOX2-associated subunits in wild-type (WT) and dystrophic (mdx) hearts. GAPDH is used as load control. The bar graph depicts the normalized expression of NOX and NOX2-associated subunits; n ϭ 6 hearts for each strain. B: real-time PCR analysis for NOX1, NOX2, and NOX4 (n ϭ 4 for WT and 5 for mdx). *P Ͻ 0.05 vs. WT. **P Ͻ 0.001 vs. WT. consistent with the reduced cardiac function observed using echocardiography.
NOX and NOX subunits expression. We studied the expression of NOX isoforms and different subunits of NOX as the potential source of ROS in mdx hearts (Fig. 1) . Using Western blot analysis, we observed increased levels of NOX2 (fivefold, P Ͻ 0.005), while NOX4 was slightly but significantly reduced (P ϭ 0.008). The levels of p47 phox were also significantly increased (P Ͻ 0.05), although to a much lesser extent than NOX2, while p67 phox and p22 phox were not significantly elevated. In addition, we quantified mRNA of the isoforms of NOX1, 2 3, and 4 using real-time PCR (Fig. 1B) . While the expression of NOX1 did not differ between wild-type and mdx mice, NOX2 was sixfold upregulated in mdx hearts (P Ͻ 0.01), confirming the results observed at the protein level by Western blotting. NOX3 was not expressed at a significant level in both strains, and NOX4 mRNA was similar in both groups.
ROS production: impact of NOX inhibition. To confirm the functional upregulation of NOX, we studied superoxide production in fresh hearts sections ( Fig. 2A) . Using dihydroethidium as reporter of ROS, we found increased production of these species in mdx hearts compared with wild type (P Ͻ 0.001). Treatment of isolated hearts with apocynin, a NOX inhibitor (5, 40) (100 M during 45 min), reduced the levels of ROS in mdx hearts toward levels similar to wild type. In addition, we further checked for this signal to be NOX dependent by measuring the NADPH-dependent superoxide production, using lucigenin as reporter (Fig. 2B) . In this assay, mdx hearts exhibited a higher superoxide production (345 Ϯ 113.8 relative units in wild type vs. 636.3 Ϯ 90.1 in mdx, P Ͻ 0.05). Next, we assessed NOX-derived superoxide production in isolated myocytes using DCF as reporter (Fig. 2C) . The signal for ROS was increased threefold in mdx myocytes compared with wild type (P Ͻ 0.0001). This ROS production was restored to levels similar to wild type by treatment with NOX Fig. 2 . NOX-derived reactive oxygen species (ROS) production. A: fresh sections of hearts stained with dihydroethidium (DHE) to detect the production of ROS. The bar graph depicts the quantification of the fluorescence intensity. WT under control conditions (n ϭ 16 sections from 6 hearts), mdx in control conditions (n ϭ 10 sections from 6 hearts), WT treated with 100 M apocynin (APO) (n ϭ 17 sections from 4 hearts), and mdx treated with APO (n ϭ 12 sections from 3 hearts) are shown. *P Ͻ 0.001 vs. all of the other groups. Scale bar indicates 100 m. B: NADPH-dependent ROS production assessed by lucigenin chemiluminescence in WT and mdx cardiac homogenates (n ϭ 5 each strain). RLU, relative light units. *P ϭ 0.038. C: NOX-derived ROS production in myocytes. Freshly isolated cardiac myocytes from WT and mdx myocytes were loaded with 2=,7=-dichlorofluorescein diacetate (DCF) and treated with vehicle (DMSO) or the NOX inhibitors APO (100 M) or VAS2870 (20 M) for 20 min and then fixed and visualized under confocal microscopy. For each group, n ϭ 60 cells from 4 WT hearts and 3 mdx hearts. Scale bar indicates 10 m. *P Ͻ 0.05, **P Ͻ 0.001, and ***P Ͻ 0.0001 vs. WT control. † †P Ͻ 0.001 and † † †P Ͻ 0.0001 vs. mdx control.
inhibitors. As observed in whole hearts, apocynin (100 M) diminished significantly the ROS production in mdx myocytes (P Ͻ 0.0001), as well in wild-type cells. In addition, we used the NOX-specific inhibitor VAS2870, 20 M (47). This agent reduced significantly ROS production in both cell types (P Ͻ 0.001). Shortening-frequency relationship: impact of NOX inhibition. We studied the potential impact of NOX2 inhibition on the reduced contractility of mdx cardiomyocytes (as seen in Table  1 ). Myocytes were stimulated with a train of frequencies of 0.5-1-2-3-4 Hz, for 1 min at each frequency. Wild-type myocytes presented a flat response of sarcomere shortening to increasing frequencies, but the twitch amplitude at each frequency was higher than for mdx myocytes (P Ͻ 0.05, Fig. 3A) . Treatment of cardiomyocytes for 45 min with apocynin (100 M) restored the amplitude of sarcomere shortening in mdx myocytes to a similar extent to wild-type myocytes. In parallel, we analyzed the amplitude of the evoked [Ca 2ϩ ] i transients in these cardiomyocytes submitted to the increasing frequencies of stimulation (Fig. 3B) . The amplitude of these transients was significantly smaller in mdx myocytes at every frequency of stimulation (P Ͻ 0.05), but was restored to the level of wild-type myocytes when treated with apocynin.
Calcium re-uptake. We studied this point analyzing the rate of intracellular Ca 2ϩ decay, as a measurement of SERCA activity (Fig. 4) . The values for the constant of [Ca 2ϩ ] i decay, an index of Ca 2ϩ re-uptake, as function of frequency of stimulation, were significantly higher in mdx myocytes at all of the rates of stimulation studied (Fig. 4A) , indicating slower re-uptake rates (P Ͻ 0.05 vs. wild type). NOX inhibition with apocynin restored the rate of intracellular Ca 2ϩ decay in mdx close to normal. Since this acute pharmacological inhibition of NOX is unlikely to have an impact on SERCA2 protein levels in mdx hearts, we analyzed other possible molecular underpinnings that may explain the reduced cardiac contractility and [Ca 2ϩ ] i transients observed in mdx hearts. We evaluated the levels of phosphorylated PLB, a major regulator of cardiac contractility (Fig. 4B) . We analyzed PLB phosphorylation at serine 16 (Ser16). Under control conditions, mdx hearts showed reduced levels of PLB phosphorylation at Ser16 (P Ͻ 0.05 vs. wild type for both sites). Treatment with apocynin (100 M, 45 min) restored the phosphorylation levels of PLB Ser16.
SR Ca 2ϩ stores. Since the amplitude of the Ca 2ϩ transients was reduced in mdx cardiomyocytes, we evaluated the intra-SR Ca 2ϩ content at the end of the train of stimulation described above (Fig. 5A ). After reaching 4 Hz, the intra-SR stores were opened with a rapid application of caffeine (20 stores. Representative traces of calcium signal (fura 2) from myocytes paced at 4 Hz and challenged with caffeine (20 mM) are shown. The bar graph on the right depicts total SR Ca 2ϩ content in WT myocytes (n ϭ 12 cells from 4 hearts), mdx (n ϭ 12, from 4 hearts), WT treated with APO (n ϭ 6 from 3 hearts), and mdx with APO (n ϭ 6, from 3 hearts). *P Ͻ 0.05 vs. all the other groups. B, left: the protocol to assess the sensitivity of the ryanodine receptor (RyR). The myocytes are paced at 4 Hz for 10 s, then stimulation is stopped, and the bathing Tyrode solution is rapidly changed for one free of Na ϩ and Ca 2ϩ , to rule out influences of sarcolemmal channels (Na ϩ current, Ca 2ϩ current) and the sodium/calcium exchanger. Under this condition, the Ca 2ϩ release evoked is the consequence of activated RyR2 channels. The bar graph on the right indicates the number of events in 40 s in each group: WT control (n ϭ 18 cells from 3 hearts), mdx control (n ϭ 11 cells from 3 hearts), WT treated with APO (n ϭ 9 cells from 3 hearts), and mdx with APO (n ϭ 5 from 3 hearts). *P Ͻ 0.01 vs. all other groups and †P Ͻ 0.05 vs. WT in control conditions. mM), and the total SR Ca 2ϩ was analyzed. As suspected, the content of SR Ca 2ϩ was reduced in dystrophic myocytes (P Ͻ 0.05 vs. wild type). The SR Ca 2ϩ levels in mdx myocytes were restored on treatment with the NOX inhibitor.
Spontaneous Ca 2ϩ release. It has been recently described that, in mdx myocytes, the RyR is hypersensitive and "leaky" (12, 39) , generating spontaneous Ca 2ϩ release. To assess this feature, we used a protocol superfusing the cells with a 0 Na ϩ -0 Ca 2ϩ free Tyrode buffer to abolish transsarcolemmal Ca 2ϩ fluxes (42) (Fig. 5B) . After a train of stimuli, pacing is stopped, and the bath medium is rapidly changed for a solution free of Na ϩ and Ca 2ϩ (0 Na-0 Ca), during 40 s, to rule out influences of sarcolemmal channels (Na ϩ current, Ca 2ϩ current) and the sodium/calcium exchanger. Under this condition, the Ca 2ϩ release evoked is the consequence of activated RyR2 channels in diastole. Spontaneous Ca 2ϩ release events were observed both in wild-type and mdx myocytes. Nevertheless, the number of waves observed in 40 s was significantly higher in mdx myocytes (5.9 Ϯ 0.8 vs. 10.2 Ϯ 1.8 events/40 s, P Ͻ 0.001, Fig. 5B ). Pretreatment with apocynin reduced the number of events in both control (1. (15, 16) . To test this hypothesis, we assessed Ca 2ϩ leak as previously reported, using the method described by Shannon and colleagues (42) . It basically consist of superfusing the cells with a Na ϩ -and Ca 2ϩ -free Tyrode buffer to abolish transsarcolemmal Ca 2ϩ fluxes and in the presence of tetracaine, a RyR2 blocker. After a train of stimuli, pacing was stopped, and the bath medium was rapidly changed for a solution free of Na ϩ and Ca 2ϩ (as in the previous experiment), plus the addition of tetracaine during 40 s. Under this condition, the Ca 2ϩ release evoked is the consequence of activated RyR2 channels. Then tetracaine is stopped, and, after a brief washout, a pulse of caffeine was applied to release the total intra-SR Ca 2ϩ (Fig. 6A) . SR Ca 2ϩ leak is a function dependent on intra-SR Ca 2ϩ , in an exponential fashion (42) (43) (44) . Nevertheless, this function is clearly exacerbated in mdx myocytes (Fig. 6B) . The results obtained with this protocol, along with the data obtained from caffeine application, allow comparing the relationship between Ca 2ϩ leak and the total SR Ca 2ϩ content. This can be computed in two ways: first, by fitting the best curve to an exponential function. The curve from mdx myocytes is shifted to the left and upwards compared with wild type (P ϭ 0.0002, Fig. 6B ). Treatment of mdx myocytes with apocynin significantly reduced SR Ca 2ϩ leak toward normal. Second, by comparing the amount of SR Ca 2ϩ leak at similar (matched) SR Ca 2ϩ loads (Fig. 6C) , mdx myocytes exhibit increased SR Ca 2ϩ leak (P Ͻ 0.005, one-way ANOVA), which is restored to normal on treatment with apocynin.
NOS-1 uncoupling. Given that mdx hearts exhibited decreased PLB phosphorylation, which was recovered by NOX inhibition treatment, we tested whether this effect was due to reduced levels of NOS-1, since it has been described that NOS-1 regulates the basal levels of PLB phosphorylation at Ser16, in the mouse (52, 57) . For this, we evaluated the levels of NOS-1 by Western blotting (Fig. 7A) . Contrary to what we expected, NOS-1 levels were increased in mdx hearts, but the content of nitrate, a metabolite of NO, was reduced in these hearts. With these results, one possibility is that NOS-1 is found in an uncoupled state: this is dissociated from the activity to convert L-arginine to NO and citrulline and, instead, diverted toward the production of superoxide. This phenomenon has been described as a result of reduced levels of the NOS cofactor BH 4 , which becomes oxidized in pathological states, to dihydrobioterin (1, 30) . To test this possibility, we treated mdx myocytes with exogenous BH 4 in an attempt to recouple NOS-1 (Fig. 7B ). For this, we assessed in myocytes the levels of S-nitrosylation (that depend on NOS-1 activity) using an ant-nitrosocysteine antibody, as previously described (3, 16) . Application of BH 4 (300 M, 45 min) restored the levels of S-nitrosocysteine in mdx myocytes to a level similar to that of wild-type cells.
Next, we evaluated the possibility to recouple NOS-1 using the NOX inhibitor VAS2870, along with BH 4 , in cardiomyocytes stimulated at 4 Hz. For this, mdx and wild-type myocytes were loaded with NO-sensitive probe DAF-DA, to monitor in real time NO production (Fig. 8A) . In this setting, mdx myocytes showed an impaired NO production compared with wild-type cells (P Ͻ 0.005). After treating mdx myocytes with BH 4 (300 M, 15 min), these cells displayed a NO signal very similar to that of wild-type myocytes. In addition, NO signal was also recovered in mdx myocytes pretreated with the NOX inhibitor VAS2870 (20 M, 20 min). These results suggest that, in mdx cardiomyocytes, NOS-1 is found in an uncoupled state, due to a NOX-dependent oxidative stress and, in this case, most likely NOX-2. To further test this idea, we treated isolated mdx and wild-type hearts with BH 4 and VAS2870 (Fig. 8B) , in a similar way to isolated myocytes, to evaluate the Fig. 7 . Nitric oxide synthase (NOS)-1 uncoupling. A: Western blot analysis for NOS1 in WT and mdx cardiac homogenates. *P Ͻ 0.05. B: nitrate levels in cardiac tissue from WT and mdx cardiac homogenates. *P Ͻ 0.05. C: S-nitrosothiol levels in cardiac myocytes. Cardiomyocytes from WT (n ϭ 85) and mdx myocytes (n ϭ 43) were assessed for S-nitrosothiol levels by immunostaining for S-nitrocysteine residues. Tetrahydrobioterin (BH4) supplementation (300 M, 30 min) increased the S-nitrosylation levels in mdx myocytes (n ϭ 55). As control, WT myocytes were treated with HgCl2 (n ϭ 7) a redox agent that abolishes S-nitrosylation. In addition, cells were treated with an irrelevant IgG as control for the antibody specificity. **P Ͻ 0.005, mdx vs. WT and mdx ϩ BH4. levels of PLB phosphorylation that depend on NOS-1 activity. These treatments restored the levels of PLB phosphorylation in Ser16 to a level similar to wild-type hearts and similarly to the results previously obtained using apocyinin.
These results suggest that oxidative stress may cause oxidation of BH 4 , an essential cofactor for NOS activity, causing NOS-1 uncoupling. This uncoupling diverts NOS from NO production to superoxide and impairs PLB phosphorylation, compromising cardiac relaxation and SR calcium load and reducing contractility.
DISCUSSION
Here we have shown that, in mdx hearts with overt cardiomyopathy, ROS production derived from the increased expression of NOX2 contributes to the altered contractility and calcium handling observed in this model of Duchenne dystrophy. This is probably an effect of ROS at the level of the calcium-handling machinery and other proteins. In our hands, we observed that NOX-derived superoxide affected negatively the intra-SR calcium stores (reduced PLB phosphorylation), increase in SR diastolic Ca 2ϩ leak, and increased the incidence of arrhythmogenic Ca 2ϩ release in mdx cardiomyocytes. The appearance of these spontaneous Ca 2ϩ events is of importance. This is probably an effect at the level of the RyR2, which is extremely redox sensitive (15, 48) . Recently, Prosser and colleagues (32) , in an elegant study, demonstrated these observations. Using a protocol that consisted of stretching cardiac cells, they reported a substantial increase of Ca 2ϩ waves and oscillating cells in mdx myocytes compared with control, associated with increased ROS production (32) . Here, we expand those observations, associating this increase in ROS production to NOX upregulation directly, with an impact in cardiac contractility. Indeed, this increase in NOX-derived ROS production, which, under physiological conditions (32) favors the calcium-induced calcium release process, becomes deregulated in dystrophic cardiomyopathy. Here we show that this hyperactivity of the RyR2 also decreases the content of Ca 2ϩ in the SR. Oxidation of cysteines in RyR2 induces increased responsiveness to activating calcium (29) . The hyperactivity of RyR2 in muscular dystrophy has been recently described in terms of increased excitation-contraction coupling gain at low extracellular calcium levels (12, 51) . In addition, Fauconnier et al. (12) showed that spontaneous Ca 2ϩ waves and increased Ca 2ϩ sparks frequency in isolated myocytes from mdx myocytes was associated with the in vivo increased occurrence of premature ventricular contractions. Indeed, electrocardiographic abnormalities are present in DMD patients (4) .
The present results suggest the involvement of the NOX2 system in the hyperactivity of RyR2 in dystrophic myocytes, resulting in increased diastolic Ca 2ϩ leak, decreased SR Ca 2ϩ content, and inducing arrhythmogenic spontaneous Ca 2ϩ release, consistent with the observations of Kyrychenko et al. (27) that showed similar Ca 2ϩ leak and increased RyR2 oxidation. Donoso and colleagues (8) recently showed that, in a model of ischemia-reperfusion, NOX activation results in an increased RyR2 sensitivity to activating Ca 2ϩ , associated with S-glutathionylation of the channel. Interestingly, this effect was fully prevented by treatment with apocynin and VAS2870 (8) . Our findings are consistent with previous evaluation of NOXs in the progression of cardiomyopathy. Both NOX2 and p47 phox contribute to the process of LV remodeling after myocardial infarction in mice (7, 28) . NOX2 also plays a central role in the contractile dysfunction observed in a model of pressure overload (17) . NOX2 upregulation is probably triggered by the activation of the rennin-angiotensin system. In addition, angiotensin is the classical activator of NOX in the cardiovascular system (31). Also, we cannot discard the role of fibroblasts and inflammatory cell in this process, since they also may express NOX2, particularly macrophages (2) .
Limitations of apocynin. Besides its property to inhibit NOX2, apocynin is not selective, being able to inhibit the other NOX isoforms. In addition, it has been described that apocynin also possesses antioxidant capacity (20) . For these reasons, we used the more specific NOX inhibitor VAS2870 (9, 55) . The use of VAS2870 supported the findings with apocynin, since both agents were able to restore NO production and PLB phosphorylation in mdx mice.
Our results regarding PLB are of interest. PLB phosphorylation governs the activity of SERCA2, which is downregulated in the mdx hearts. This pathway is downregulated in patients suffering Duchenne dystrophy, according to a recent transcriptome study (26) . Our observation of decreased levels of Ser16 phosphorylation of PLB agrees with that of Williams and Allen (53) . Whether this decreased phosphorylation was due to increased activity or expression of protein phosphatases or increased levels/activity of phosphodiesterases and the role of NOX2-derived ROS remain to be determined. A likely explanation for this observation is related to NOS-1 uncoupling. The activity of NOS-1 is required for basal PLB phosphorylation in the mouse heart (52, 57), with NOS-1 uncoupling resulting in impaired ventricular relaxation and diastolic dysfunction (46) . This NOS-1 uncoupling in mdx cardiomyocytes is probably the result of the NOX2-derived oxidative stress, which ultimately leads to BH 4 oxidation. This interaction between increased ROS and decreased reactive nitrogen species production is another example of nitroso-redox imbalance, which is emerging as a common theme in organ dysfunctions (18, 19, 37) .
The effects of NOX inhibition and BH 4 supplementation may also have an impact on myofilament sensitivity to activating Ca 2ϩ . Indeed, mdx myocytes present decreased myofilament sensitivity (54) . This may explain the fact that apocynin treatment improved contractility in both wild-type and mdx myocytes, beyond the increase in cytosolic Ca 2ϩ . Additionally, NOS-1 and BH 4 may play a role in this effect, since we previously described that NOS-1-deficient mice present decreased myofilament sensitivity that is restored with NO donors (10), and BH 4 causes increases in myofilament sensitivity (23) . Nevertheless, this point needs further investigation.
Besides the evidence presented here of altered Ca 2ϩ handling originated at the SR level, other sources of Ca 2ϩ may play a role in the pathophysiology of dystrophic cardiomyopathy. For instance, abnormal Ca 2ϩ influx through transient receptor potential 1 (TRPC1) and TRPC6 channels is described in mdx and mdx/utrophin-deficient mice (53, 41) . In addition, pannexins and connexin hemichannels are also a potential route for Ca 2ϩ influx, particularly connexin-43 hemichannels, which are being shown to be redox sensitive (6, 34, 35) .
Therapies aimed to treat muscular dystrophy should target skeletal and cardiac muscle, since both suffer the lack of dystrophin, and, for example, improving only skeletal muscle function may uncover or aggravate cardiac function in Duchenne patients (49) . Current therapies for dystrophic cardiomyopathy include angiotensin I-converting enzyme inhibitors and ␤-blockers (22) . NOX2 inhibition appears to be an interesting target in both types of muscle in muscular dystrophy, as increased levels of NOX have been reported in the skeletal muscle of mdx mice (45, 54) .
In conclusion, we have described that NOX inhibition restores contractile function in dystrophic cardiomyopathy. This effect is associated with improved intracellular calcium handling that involves two mechanisms: the RyR activity and PLB phosphorylation. In addition, increased ROS resulting from NOX2 leads to NOS-1 uncoupling and decreased NO production. Together, these findings provide insights into new ways to modulate these biochemical derangements pharmacologically and, as such, have therapeutic implications.
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